The bacterial pathogen, Xylella fastidiosa, infects many plant species in the Americas, making it a good model for investigating the genetics of host adaptation. We used multilocus sequence typing (MLST) to identify isolates of the native U.S. subsp. multiplex that were largely unaffected by intersubspecific homologous recombination (IHR) and to investigate how their evolutionary history influences plant host specialization. We identified 110 "non-IHR" isolates, 2 minimally recombinant "intermediate" ones (including the subspecific type), and 31 with extensive IHR. The non-IHR and intermediate isolates defined 23 sequence types (STs) which we used to identify 22 plant hosts (73% trees) characteristic of the subspecies. Except for almond, subsp. multiplex showed no host overlap with the introduced subspecies (subspecies fastidiosa and sandyi). MLST sequences revealed that subsp. multiplex underwent recent radiation (<25% of subspecies age) which included only limited intrasubspecific recombination (/ ‫؍‬ 0.02); only one isolated lineage (ST50 from ash) was older. A total of 20 of the STs grouped into three loose phylogenetic clusters distinguished by nonoverlapping hosts (excepting purple leaf plum): "almond," "peach," and "oak" types. These host differences were not geographical, since all three types also occurred in California. ST designation was a good indicator of host specialization. ST09, widespread in the southeastern United States, only infected oak species, and all peach isolates were ST10 (from California, Florida, and Georgia). Only ST23 had a broad host range. Hosts of related genotypes were sometimes related, but often host groupings crossed plant family or even order, suggesting that phylogenetically plastic features of hosts affect bacterial pathogenicity.
T he genetic typing of bacterial isolates is an increasingly important tool for understanding the epidemiology of pathogenic bacteria. It permits us to track biogeographical patterns, host specificity, and the evolutionary changes occurring within taxa. To achieve these goals, one of the most useful and widely used typing methodologies is multilocus sequence typing (MLST), introduced in 1998 (1, 2) . The spread of this methodology has been rapid in the study of human bacterial pathogens; however, MLST schemes are equally important in the study of plant pathogens (3) , and schemes for plant bacteria are beginning to become established, e.g., Pseudomonas syringae (4), Xylella fastidiosa (5, 6) , fruit tree phytoplasmas (7) , Ralstonia solanacearum (8) , Xanthomonas spp. (9) , and Acidovorax citrulli (10) .
The genetic typing of plant pathogens provides a critical first step in answering the important question of what genetic factors determine host specificity. Genome comparison among species and pathovars of Xanthomonas suggest specificity is determined by a complex set of genetic differences involving both gene content and gene sequence (11) . Of these two kinds of difference, content and sequence, gene content differences are more easily studied, since it can be done by correlating the presence of genes with particular pathovars (e.g., in Pseudomonas syringae [12] ); however, more subtle sequence-based host adaptations may be equally important. MLST can provide insight into the extent to which specific multilocus genotypes are associated with particular plant hosts, and the extent to which the pathogen being studied is clonal. This information is essential in designing genome sequencing projects to identify candidate genes. Searching for candidate genes can be done without preliminary MLST screening using highly replicated genomic sequencing; but to avoid the "needle in a haystack" problem of finding hundreds of candidate loci, the probability of detecting a high proportion of host specificity genes can be increased by using MLST to determine the degree to which the distinct sequence types (STs) detected by MLST correlate with plant host and to then use this information to pick the isolates to be screened.
The ideal plant pathogen is one that has a very broad host range, since, if host specialization is genetically determined, the genes involved should exhibit many different host-specific changes. One such pathogen is Xylella fastidiosa, a xylem-limited bacterium transmitted by xylem-feeding insects, typically leafhoppers (13) . This bacterium, restricted to the Americas, is known to infect an extraordinarily wide range of plant hosts (14) (15) (16) , including more than 40 species of landscape trees (17) . X. fastidiosa causes scorch and dwarfing diseases in a range of economically important plants in the United States, most notably Pierce's disease (PD) of grapevine, but also diseases in almond, apricot, pecan, plum, peach, alfalfa, and blueberry, and in South America in citrus and coffee.
The use of MLST in the study of X. fastidiosa, based on sequencing regions of seven housekeeping genes (5, 6, 18, 19) , confirmed the division of this species into four well-defined subspe-cies (20, 21) . These studies showed that two of the three subspecies of X. fastidiosa found in the United States (X. fastidiosa subsp. fastidiosa and subsp. sandyi) are non-native, presumably being introduced around the times of their first known outbreaks in the United States, i.e., around 1880 and 1980, respectively (6, 22) . MLST was also used to identify homologous recombination within subspecies (5, 18) and to demonstrate that this included intersubspecific recombination (5, 6, 19, 22) .
Previous MLST results suggested that there is only one form of X. fastidiosa native to the United States, X. fastidiosa subsp. multiplex (22) . Rates of synonymous substitution suggested that this temperate zone subspecies separated from more tropical forms (X. fastidiosa subsp. fastidiosa and subsp. sandyi) minimally more than 15,000 years ago and possibly more than 30,000 years ago (21, 22) . X. fastidiosa subsp. multiplex has been isolated from a range of species, but most notably from native and non-native trees, including almond, elm, oak, olive, peach, pecan, plum, redbud, sweetgum, and sycamore (20, 21, (23) (24) (25) . Unlike subsp. multiplex, the subsp. fastidiosa and sandyi are not found in tree species native to the United States. X. fastidiosa subsp. fastidiosa is the cause of PD and almond leaf scorch, while X. fastidiosa subsp. sandyi causes oleander leaf scorch (6) . The only host overlap among subspecies typically observed in the United States is the occurrence of subsp. multiplex and subsp. fastidiosa on almond (26) . Thus, the X. fastidiosa subspecies show clear differences in their host range, findings indicative of strong host-plant specialization. In addition, within subspecies there is evidence that different genotypes show differences in host specificity. For example, in the South American subsp. pauca, citrus isolates do not typically infect coffee, and coffee isolates do not typically infect citrus (18, 27) .
We might expect subspecific host differentiation to be based primarily on host phylogeny, and there are some examples of this. For example, subsp. multiplex infects almond, peach, and plum which are all in the same genus (Prunus); however, this is not the only pattern seen. Thus, X. fastidiosa subsp. fastidiosa infects grape and almond, but not peach (21) , and yet almond and peach are in the same genus, while grape and almond are not only in different families (Vitaceae versus Rosaceae) but in different orders (Vitales versus Rosales) (28) .
The present study was designed to investigate more fully the genetic and plant-host relationships seen in X. fastidiosa subsp. multiplex using the power of MLST to build on previous genetic studies (5, 21, 23, 25) . Our first aim was to clarify the phylogenetic patterns within the subspecies using substantially more isolates than have been used before. Scally et al. (5) and Schuenzel et al. (21) , both using the same 11 isolates, identified three possible divisions (termed the "almond," "oak," and "peach" groups) within X. fastidiosa subsp. multiplex that, if supported in a larger analysis, could reflect either geographical or plant-host effects. Similarly, the more extensive survey by Hernandez-Martinez et al. (23) using the same 11 plus 14 additional isolates based on the 16S-21s spacer showed no significant differentiation within the X. fastidiosa subsp. multiplex clade, although they also concluded that their two oak isolates might form a distinct group. More recently, Parker et al. (25) , using 21 isolates (only 2 of which were included in any previous typing study) found a rather different pattern with significant differentiation between two clades that they classified as X. fastidiosa subsp. multiplex A and B. Moreover, these researchers found several distinct (and significant) groupings within these two clades, including an oak group. This body of work raises three specific questions. (i) What are the origins of clades A and B recognized by Parker et al. (25) ? (ii) Does the significant differentiation within these clades persist when a larger sample of isolates is analyzed? (iii) Is there any evidence that clusters within subsp. multiplex correspond to host-specific groups such as the almond, oak, and peach groups previously suggested (21) .
In the present analysis of 143 subsp. multiplex isolates, we first show that "clade A" is not a phylogenetic clade but a collection of genotypes, corresponding to clonal complex 6 (CC6) in Scally et al. (5) , where it was identified as the product of intersubspecific homologous recombination (IHR). These clade A recombinant genotypes will be considered in detail elsewhere (L. Nunney et al., unpublished data); the present study focuses on host-plant adaptation within the subsp. multiplex independent (to the extent possible) of any influx of novel genetic material from the other introduced X. fastidiosa subspecies. To investigate the other two questions as they relate to the largely nonrecombinant "clade B," we analyzed the MLST patterns of 110 non-IHR subsp. multiplex isolates obtained from agricultural and ornamental plants by various researchers working on X. fastidiosa, and from a series of samples targeting native hosts in southern California, Kentucky, and Texas.
MATERIALS AND METHODS
Isolates. We analyzed 143 isolates identified from our database as X. fastidiosa subsp. multiplex by their genetic make-up. We divided these isolates into three groups based on the number of subsp. multiplex alleles present at the seven MLST loci and at the pilU locus that was also sequenced. This categorization was possible because no alleles are shared via common ancestry between the subspecies, so each allele can be assigned to a particular subspecies. The only exception involves a small group of recombinant alleles that are clearly a mix of pieces of sequence from two different subspecies (6, 19) . One group, the non-IHR subsp. multiplex, was characterized by carrying alleles of X. fastidiosa subsp. multiplex at all eight loci. The second group, the IHR subsp. multiplex, included the isolates with two or more alleles that were uncharacteristic of subsp. multiplex. Any genotype that carried only one allele uncharacteristic of subsp. multiplex was considered "intermediate."
All of the X. fastidiosa subsp. multiplex isolates were sampled from plants across the United States, mostly from California (41%), Texas (20%), Kentucky (17%), Florida (10%), and Georgia (8%) (see Table S1 in the supplemental material). This set of isolates included all of the subsp. multiplex isolates previously typed by Scally et al. (5) , including the two that they recognized as recombinant (making up their clonal complex CC6), 23 of the 25 subsp. multiplex isolates used in the study of Hernandez-Martinez et al. (23) , and 6 of 10 clade A isolates and 7 of 11 clade B isolates examined by Parker et al. (25) .
All isolates were genetically typed for the seven MLST loci (portions of housekeeping genes leuA, petC, malF, cysG, holC, nuoL, and gltT), plus one cell surface gene (pilU) using the methods given in Yuan et al. (6) . For isolates that had been previously cultured and stored DNA was extracted using the protocol given by Yuan et al. (6) . However, some isolates were typed using DNA extracted directly from symptomatic plants (see below).
All DNA sequences were checked carefully for site ambiguity, since there was always the possibility that a host was infected with more than one strain. In all such cases the sample was reamplified, and it was always confirmed that the ambiguity was a sequencing error and not the result of two alleles mixed together. In addition, whenever we observed a novel ST, the sample was completely resequenced to eliminate the risk of an incorrect novel ST appearing because of a mixed infection. Table S2 in the supplemental material). Terminal plant stems were cut using sterilized clippers (95% ethanol), wrapped in a damp paper towel, and kept in individual plastic bags in a cooler with ice or a 4°C cold room until processed. The plants were identified by botanist Andrew Sanders (University of California Riverside Herbarium) with reference to the Jepson Manual (28) . Xylem was extracted using the Scholander pressure bomb (29, 30 ) with a 6.35-cm diameter, 45.72-cm-long pressure chamber to accommodate large and odd-shaped plant samples (model 600; PMS Instrument Co., Albany, OR). When the physical properties of the plant did not allow use of the pressure bomb, a 3-to 4-cm-length sample of plant petiole, leaf vein, or stem tissue was chopped with a sterile razor blade and the fluid collected with a pipette. Multiple cuttings from the same plant were sometimes used to reach a sufficient amount of xylem fluid (minimum of 150 l). Xylem was frozen until DNA could be extracted using a DNeasy plant extraction kit (Qiagen, Valencia, CA).
Xylem samples were tested for the presence of X. fastidiosa DNA using quantitative PCR (qPCR). This method detects X. fastidiosa at much lower levels than is possible with traditional PCR (31, 32) . qPCR was performed using a Rotor Gene 3000 (Corbett Research, Australia) with X. fastidiosaspecific ITS primers (XfF1 and XfR1) and a dually labeled (5= 6-FAM/3= BHQ-1) TaqMan probe (XfP1 [33] ). The PCRs were performed in 0.1-ml tubes using 2 l of DNA template, 4 l of 1 mM deoxynucleoside triphosphates, 0.4 l of each primer (10 M), 0.5 l of probe (4 M), 3 l of MgCl 2 (25 mM), 2 l of 10ϫ buffer II, and 0.1 l of AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA) with sterile-distilled water added to a final volume of 20 l. Cycling parameters were an initial 7 min at 95°C, followed by 40 cycles of 95°C for 15 s and 62°C for 60 s. Each qPCR run for X. fastidiosa detection included plant xylem samples, negative controls (AE buffer; Qiagen, Valencia, CA), and positive controls (X. fastidiosa cells in AE buffer); all samples were run in triplicate. Samples negative for X. fastidiosa and nontemplate controls produce very low or no fluorescence signal, and an amplification curve is therefore absent (Rotor-Gene6; Corbett Research Australia).
Sensitivity of the assay under our conditions was tested by creating a standard curve from a known concentration of X. fastidiosa cells (determined with PicoGreen [Molecular Probes, Eugene, OR]) from six serial 10-fold dilutions starting at 100,000 copies per 2 l of DNA template (each concentration in triplicate). At each concentration, we estimated the lowest number of X. fastidiosa cells detected in triplicate based on the cycle threshold (C T ; Rotor-Gene6). This assay was validated using three replicate runs of the serial dilutions (R 2 ϭ 0.996, standard deviation [SD] Ϯ 0.006; efficiency ϭ 0.986, SD Ϯ 0.002).
Whole-genome amplification was used to increase the DNA concentration in the xylem samples which showed increased fluorescence, using a GenomiPhi DNA Amplification Kit (Amersham Biosciences, Sunnyvale, CA). After whole-genome amplification, the sample was used for MLST typing (see above). Samples were not reported as positive for X. fastidiosa unless typing, using traditional PCR, also yielded positive results.
(ii) Kentucky samples. Shoots from woody plants with bacterial leaf scorch symptoms were collected and processed in the laboratory the same day. Excised leaf petioles were surface sterilized twice for 2 min in 1% sodium hypochlorite, twice for 2 min in 70% ethanol, rinsed twice for 1 min in two changes of sterile reverse-osmosis water, and allowed to dry.
Surface-sterilized petioles were tested for the presence of X. fastidiosa by enzyme-linked immunosorbent assay (ELISA; AgDia PathoScreen Xf) within 24 h of collection. Ten to fourteen petioles (from 2007) or three petioles (from 2008 and 2009) per sample were ground in an AgDia mesh sample bag along with a 10ϫ volume (vol/wt) of AgDia ELISA general extraction buffer. The tissue was disrupted using a hammer to break petiole ends and then mashed with an AgDia circular-bearing tissue homogenizer attached to a drill press to complete tissue disruption. Then, 100 l of crude extract was added to an ELISA plate for antibody detection of the bacterium.
Using only ELISA-positive samples, Qiagen's QIAamp DNA stool minikit was used to extract total DNA from surface-sterilized tissue. A total of 100 mg of finely chopped petiole (ca. 1 to 2 mm) was placed into a Mini-BeadBeater 3110BX (BioSpec Products) tube without buffer, flash-frozen in liquid nitrogen, and pulverized at 2,500 rpm at repeated 30-s intervals, with flash-freezing between each beating. Immediately after pulverization, the DNA was extracted following kit instructions with the exception of elution in 100-l volumes, and stored at Ϫ20°C until testing was completed.
(iii) Texas samples. Cultures were isolated by Mark Black of Texas A&M AgriLife Extension Service (Uvalde) from species surrounding infected vineyards throughout Texas. The tissue was surface sterilized, homogenized, diluted in SCP buffer, and plated on Periwinkle Wilt Gelrite (PWG) media. These cultures were amplified at the University of Houston-Downtown and confirmed to be X. fastidiosa using ELISA (Agdia Inc., Elkhart, IN) and PCR of the gyrB using X. fastidiosa specific primers (34) . X. fastidiosa cultures were then classified as either subsp. fastidiosa or subsp. multiplex using restriction digests of the gyrB amplicons (35) . DNA extractions were performed using an UltraClean microbial DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA). Bacterial colonies were scraped from a PWG plate and added to the first kit solution (the bead solution) before proceeding with the directions, as outlined in the kit protocol. DNA samples were sent to the lab at UC Riverside.
Genetic and phylogenetic analysis. Under the MLST protocol, each allele of a gene is given a different number. Thus, each isolate was characterized by its allelic profile, consisting of the seven numbers defining the allele at each of the seven loci. These numbers are only labels; they contain no information concerning the relationships among alleles. Each unique allelic profile was assigned a ST number. STs can be grouped into clonal complexes based on allelic sharing. We used the grouping criterion employed by Scally et al. (5) that, within each complex, all STs must share five or more alleles with at least one other ST of that same clonal complex.
A phylogenetic context was provided for all of the subsp. multiplex STs based on a concatenation of the seven MLST sequences plus pilU. Only one ST was polymorphic for pilU (ST22), and in that case the predominant pilU allele was used (the alternate allele only differed by 1 bp). All published STs from the three other X. fastidiosa subspecies (19, 22) were included, using the predominant pilU allele whenever that locus was polymorphic within an ST. For this data set, a distance tree (using neighbor joining) was appropriate given the known occurrence of intersubspecific recombination in subsp. multiplex (3, 5) . The concatenated MLST sequences of the non-IHR subsp. multiplex STs were used to estimate the phylogenetic history of the subspecies independent of IHR. The maximum-likelihood (ML) tree was rooted using a subset of three STs from subsp. fastidiosa, plus the known STs from subsp. sandyi and subsp. pauca. Approximate divergence times relevant to subsp. multiplex were estimated from the ML tree based on the rate of synonymous substitutions (see reference 19) . The trees were estimated using MEGA5 (36) , and all bootstrap values were based on 1,000 replicates.
Intraspecific recombination in the non-IHR subsp. multiplex STs was examined by (i) using maximum parsimony to estimate the minimum number of allelic transitions consistent with the data and (ii) identifying these as allelic shifts on the ML phylogeny, where homoplasy was presumed due to recombination. ClonalFrame (37) was used to provide an independent estimate the relative importance of recombination versus mutation in the subsp. multiplex clade. The resulting tree (which includes recombination rate as a parameter) was compared to the ML tree.
Pairwise host range comparisons were made using a simple combinatorial test: determining the probability of observing such an extreme distribution (or, where the separation is not complete, plus the probability of any more extreme distribution). Given N isolates, with n i of type i (i ϭ 1 or 2), with H j isolates (h ij of each type) on each host (j ϭ 1 to k hosts), then there are N!/⌸ j (H j !) possible combinations, while the number of ways of getting the observed combination is [n 1 !n 2 !]/[⌸ j (h 1j !h 2j !). The probability of getting the observed distribution by chance is therefore the ratio of these two numbers, which in the absence of overlap simplifies to n 1 !n 2 !/N!. For example, if we observed type 1 on two hosts (five and three isolates on each), and type 2 on a different two hosts (four and two isolates on each), then the probability of this observation by chance is:
0003. However, if we observed type 1 distributed across the four hosts as "5,3,1,0" isolates, and type 2 distributed as "0,1,4,2" isolates, then the probability of this observation (or a more extreme one) by chance is the probability of the observed distribution, plus the probability of the more extreme outcome "5,3,0,0" versus "0,0,5,2" (given the same number of the two types and isolates per host), so the result is 0.0017 ϩ 0.0001.
Nucleotide sequence accession numbers. The MLST data are available at the MLST website (http://pubmlst.org). The gene sequences for the MLST alleles analyzed in the present study are available at GenBank under the following accession numbers: for leuA, allele 3 ϭ FJ610158, 4 ϭ FJ610161, 5 ϭ FJ610160, and 6 ϭ JX899394; for petC, allele 3 ϭ FJ610167, 4 ϭ FJ610169, 10 ϭ ϭ JX899395, and 11 ϭ JX899396; for malF, allele 3 ϭ FJ610174, 5 ϭ FJ610175, 12 ϭ JX899397, and 13 ϭ JX899398; for cysG, allele 3 ϭ FJ610183, 5 ϭ FJ610184, 6 ϭ JX899399, 7 ϭ FJ610192, 12 ϭ HM243602, 16 ϭ FJ610188G, 17 ϭ JX899400, 18 ϭ FJ610191, 19 ϭ HM243604, 21 ϭ JX899401, and 22 ϭ JX899402; for holC, allele 3 ϭ FJ610195, 4 ϭ FJ610196, 6 ϭ FJ610198, 7 ϭ JX899403, 9 ϭ JX899404, and 21 ϭ JX899405; for nuoL, allele 3 ϭ FJ610206, 4 ϭ FJ610208, 14 ϭ JX899406, and 15 ϭ JX899407; for gltT, allele 3 ϭ FJ610215, 4 ϭ FJ610216, 5 ϭ FJ610218, 6 ϭ JX899408, 7 ϭ FJ610220, and 13 ϭ JX899409; and for pilU, allele 1 ϭ FJ610223, 3 ϭ FJ610225, 8 ϭ HM596019, 9 ϭ JX899410, 13 ϭ FJ610228, 16 ϭ JX899411, 17 ϭ JX899412, 22 ϭ JX899413, 23 ϭ JX899414, and 24 ϭ JX899415. We placed all of the 143 subsp. multiplex isolates in the broader context of X. fastidiosa variability by estimating their genetic relationships to each other and to all published STs from the three other X. fastidiosa subspecies using sequence data from the seven MLST loci plus pilU. Given the occurrence of intersubspecific recombination in this species (3, 5), we used a distance tree to document the relationships. The resulting tree (Fig. 1) showed the expected clear separation (with 99% bootstrap support) of X. fastidiosa subsp. multiplex from the other subspecies. The tree also showed the separation of the non-IHR X. fastidiosa subsp. multiplex from those identified as IHR subsp. multiplex, with the one intermediate ST, ST41, between them. A detailed analysis of the IHR (and intermediate) forms will be presented elsewhere (Nunney et al., unpublished).
RESULTS

Genetic variation. MLST of 143
The bimodal distribution of 110 non-IHR versus 31 IHR isolates (with only 2 intermediate isolates) suggested that intersubspecific recombination was largely restricted to IHR subsp. multiplex isolates. This hypothesis was tested by examining the classification of 13 isolates that were typed in a recent MLSA-E study (25) as well as in the present study (see Table S1 in the supplemental material). The two studies typed isolates using different loci chosen using different criteria. Two of the isolates common to both studies were typed in the first X. fastidiosa MLST study (5): PLS0026, which was identified as a typical subsp. multiplex isolate, and ALS0022, which was identified as the product of IHR. In the MLSA-E study, these were grouped in clades B and A, respectively. The prediction was that the remaining 11 isolates would group according to this pattern. This was precisely what was found (see Table 1 ); all seven non-IHR group isolates clustered in clade B, and all six IHR group isolates clustered in clade A (P ϭ 2 Ϫ11 Ͻ 0.001 for a random 1:1 split). The variation among the non-IHR forms translated into just two clonal complexes, CC1 containing 23 STs and CC2 containing a single ST (ST50) represented by two isolates from white ash. The level of nucleotide polymorphism across the MLST loci was 0.77% (32 SNPs out of 4,161 bp), plus one indel (a 6-bp insertion in cysG found only in ST38). The sequencing of one additional locus, pilU (which produces a cell surface twitching motility protein), showed a similar pattern of diversity in the subsp. multiplex alleles (seven SNPs). Adding this variation to the MLST data resulted in a small increase in the mean level of genetic variation of the non-IHR group (0.83% site polymorphism; i.e., 39/4,706 bp); however, almost all isolates carried the same pilU allele (i.e., allele 3), with seven additional alleles represented in only 11 isolates (Table 1) . Each of these alternate alleles differed from allele 3 by a single base change.
Within the non-IHR group, the MLST alleles showed patterns of divergence consistent with the accumulation of point mutations. The number of mutational changes between pairs of alleles required to link all of the alleles at a locus were as follows: leuA, 1 pair with 1 change; petC, 3 pairs with 1 change each; malF, 3 pairs (2 pairs with 1 change and 1 pair with 2 changes); cysG, 7 pairs, (4 pairs with 1 change, 2 pairs with 3 changes, and 1 pair with 1 indel); holC, 3 pairs (2 pairs with 1 change and 1 pair with 2 changes); nuoL, 2 pairs (1 pair with 2 changes and 1 pair with 3 changes); and gltT, 5 pairs (4 pairs with 1 change and 1 pair with 3 changes). These substitutions sum to 16 pairs with 1 base change, 3 pairs with 2 changes, 4 pairs with 3 changes, and 1 pair with 1 indel. Note the absence of large pairwise differences that are the hallmark of intersubspecific recombination in this species (19) .
Phylogenetic relationships. To understand the evolutionary history of X. fastidiosa subsp. multiplex, a maximum-likelihood tree was constructed using the 23 non-IHR STs, i.e., those that showed no evidence of intersubspecific recombination. The tree was rooted using nine representative STs from the other three subspecies. In the resulting tree (Fig. 2) , the subsp. multiplex clade showed only one significant division, corresponding to CC1 (with 22 STs) and CC2 (containing just ST50), as identified earlier.
The most divergent clade within CC1 (with bootstrap support of 77%) was restricted to isolates from California. This corresponded to the almond type suggested by Schuenzel et al. (21) , and four plant hosts were identified from 2 or more isolates of this type (Table 2) : almond olive, and two shrubs characteristic of coastal sage scrub-black sage and brittlebush. Schuenzel et al. (21) also identified two other potential groupings: the peach and oak types. Both of these groupings can be seen as loose clusters in the much more extensive phylogenetic tree of the present study (Fig. 2) . Both the peach and oak groups included isolates from across the United States from California to Florida. The peach group of STs formed an identifiable clade but had weak bootstrap support (40%); however, the host range was quite distinctive, since four species of Prunus were the only plant hosts to be represented in this group by more than one isolate (Table 2) : peach, apricot, purple leaf plum, and plum. Somewhat inconsistent with this pattern was the observation that this form was never isolated from another Prunus species, almond, the main host of the almond type. In contrast, the oak grouping formed a basal cluster that did not define a separate clade, and it differed markedly from the other two groups in its host range. The oak-type STs were isolated primarily from native trees, including a range of Quercus species. More than one isolate was identified from the red, pin, and turkey oaks, sweetgum, redbud, sycamore, and elm.
Two isolates were found to be positioned in the phylogeny between these rough groupings. ST48 was only isolated once in Texas (on soapberry), so we can conclude little about its host range. On the other hand, ST23 was isolated 10 times, mainly in Texas (8 times) from various Asteraceae (including twice from each of Mexican hat flower, sunflower, and ragweed). However, it was also isolated twice in Kentucky from markedly different hosts: red maple and red oak.
The time since X. fastidiosa subsp. multiplex diverged from subspecies fastidiosa and sandyi has been estimated at around 20,000 to 30,000 years ago (19, 21) . Basing a new analysis on the larger sample of 23 non-IHR subsp. multiplex STs showed that the variation found in this subspecies originated very recently (Fig. 2) . All of the STs within CC1 (which excludes only ST50) show a pattern consistent with a recent rapid radiation. Even using the longest branch (which for synonymous substitutions leads to ST07), the estimated age of the radiation is only about 5,000 years. ST50 is older and quite distinct from the other subsp. multiplex STs. It carries unique alleles at six of the seven MLST loci and at pilU. However, none of these alleles show any indication of being the product of intersubspecific recombination events, since the distribution of accumulated differences from the closest allele in any other subsp. multiplex ST for these eight loci is 0 differences (one locus), 1 difference (three loci), 2 differences (two loci), and 3 differences (two loci). Thus, it appears to be a genuine outlier that split from the rest of the subspecies around 8,000 years ago. ST50 has been isolated twice, both times from ash (once in Indiana and once in Kentucky).
The phylogenetic tree can also be used to estimate the number of intrasubspecific recombination events that have occurred within the subsp. multiplex CC1 clade. Using parsimony, the distribution of alleles shown in Table 1 can be explained by a progression of single-base-pair changes between alleles (with no twostep change and one three-step change, cysG alleles 3 to 21 in ST37), combined with six independent allelic transfers via recombination (Fig. 3) . Three of these recombination events appear to have involved holC allele 6; however, two of these (to ST23 and ST49) are dependent on weakly supported features of the topology. Altering the topology still leaves the necessity for at least two recombination events, but they involve different loci. For example, placing the two STs together on the branch leading to ST48 requires the transfer of malF allele 5 and gltT allele 7. These estimations assume that point mutations are unique, which, given Ͻ1% nucleotide diversity, is supportable.
The conclusion that there has been a very low number of allelic transfers via recombination was consistent with the estimate of / ϭ 0.02 for the non-IHR subsp. multiplex clade, indicating that successful recombination events occur about 1/50th as often as mutational changes. When the ML tree (Fig. 3 ) was compared to the 50% consensus tree from ClonalFrame (that includes recombination as a parameter), the overall grouping of STs was identical (tree not shown), leaving the inferred pattern of allelic change unaltered.
Genetic diversity and plant hosts. Subsp. multiplex isolates with no evidence of IHR were obtained from 39 plant species across seven different states (CA, FL, GA, IN, KY, TN, and TX) plus DC (see Table S1 in the supplemental material). Of the plant . For X. fastidiosa subsp. multiplex, the number of isolates represented by each ST (i.e., xN indicates N isolates for N Ͼ 1) is shown, as are the bootstrap values Ͼ70%. *, ST22 was represented by three isolates with pilU allele 1 (as shown), plus one additional isolate carrying pilU allele 9 that differs by 1 bp, which maps almost identically on the tree but is not shown. species, 22 can be confidently defined as hosts of subsp. multiplex since they are represented by two independent isolations (Table 2) . Of these 22 plant hosts, 15 are native to the United States. In addition, there were two isolations from native maples (but two different species) and single isolations from additional species of oak (four native, one introduced) and of redbud (1 native species).
Comparing the plant hosts of X. fastidiosa subsp. multiplex (and again using the two isolate criterion to define a subspecific host) with those of X. fastidiosa subsp. fastidiosa and subsp. sandyi (using the plant host data of Yuan et al. [6] ) showed a complete absence of plant host overlap among the subspecies, with one exception: isolates from almond can be either the multiplex or fastidiosa subspecies (Table 2 ). This comparison is based on 218 X. fastidiosa isolates sampled within the United States: 112 subsp. multiplex, 85 subsp. fastidiosa, and 21 subsp. sandyi. The subspecific host separation is not a consequence of any current restriction in the geographic distribution of the subspecies within the United States, since we have typed isolates of all three subspecies from California and Texas, and isolates of subsp. fastidiosa and subsp. multiplex from Florida, Georgia, and Kentucky, and yet, with the exception of almond, the subspecies are found infecting different host plants. These differences are highly significant. For example, even the low-power test comparing the small set of samples from Florida (9 subsp. fastidiosa from two hosts and 6 subsp. multiplex from two different hosts (ignoring hosts with single isolates [where there can be no overlap]), the plant host distribution of these two subspecies is significantly different (P ϭ 0.0002).
Classifying the subsp. multiplex STs according to the three groupings (almond, oak, and peach; see Fig. 2 ) suggested by Schuenzel et al. (21) revealed strong host specialization. There was almost no host overlap between these groups ( Table 2 ). The only clear exception was purple leaf plum which harbored all three types, but even in that case the split was strongly biased, with 70% (7/10) of the isolates being of the peach type. These differences in host use may have their origin in differences in the geographical origins of the groups within the United States. For example, the almond type appears to be restricted to California. However, even if the groups originated in allopatry, the host differences persist where the groups coexist geographically. All three types are currently found in California, but they consistently infect different hosts (with the one exception of purple leaf plum, and the possible exception of alder from which we were only able to obtain 2 isolates; see Table 2 ). Specifically, within California, almond types (20 isolates) were found more than once on almond (9 isolates), olive (2 isolates), and two native shrubs (black sage [3 isolates] and brittlebush [4 isolates]), and once on cocklebur, and purple leaf plum; peach types (16 isolates) were found more than once on peach (2 isolates), apricot (3 isolates), plum (2 isolates), and purple leaf plum (7 isolates), plus single isolates from alder and an undefined Prunus species; and oak types (13 isolates) were found more than once on sweetgum (7 isolates) and purple leaf plum (2 isolates), plus single isolates from western redbud, golden rain tree, alder, and black locust. A hierarchical comparison of these distributions, based on combinatorial probabilities (see Materials and Methods), showed that the almond-type host distribution is significantly different from that of the other two types (P Ͻ Ͻ 0.001) and that the peach-type host distribution is significantly different from the oak type (P Ͻ Ͻ 0.001).
Both the peach and the oak types were isolated in Florida, Georgia, and Kentucky, and again they were isolated from entirely different plant hosts. For example, in Kentucky, single isolates of The data for the non-IHR and intermediate groups of subsp. multiplex were subdivided into four groups: almond, oak, and peach types (see Fig. 2 ), plus "other" (the "other" group includes the intermediate ST23 and ST48, the partially recombinant intermediate group ST41, and the genetically distinct ST50). Shading highlights a preponderance of isolates of the same group from a given host. Only plant hosts with at least two independent isolations from a given subspecies were included, except in the case of congeners of known oak and redbud hosts. STs define the number of STs isolated from the host, plus (in parentheses) the number of STs unique to that host (excluding STs only isolated once). The IHR group of subsp. multiplex isolates was not included. Diversity was estimated across congeneric hosts.
the peach type were obtained from hackberry and fringe tree, while multiple isolates of the oak type were found on pin oak and red oak, plus single isolates from three other oak species (scarlet, English, and shumard) and American sycamore. No peach or almond types were found in Texas; however, the tendency for the oak type to occur in large (but not necessarily evolutionarily related) trees was again apparent since it was isolated from eastern redbud and American sycamore, with single isolates from American elm and pecan. There are some remarkable examples of host specificity. For example, the oak type ST9 was found on six oak species in four southeastern states (GA, KY, FL, and TN), but it was not isolated from any other host. Similarly, all four of the peach isolates were ST10, even though they came from three widely separated states (FL, GA, and CA). This same ST was found in two other isolates from Georgia but only in the congener, plum.
These data also indicate some unusual patterns. One example is the absence of any record of the infection of oak in California. Oak-type isolates are present in California, including one record of ST8 (from alder) that was also isolated from an oak in Kentucky. Another geographical anomaly is the finding that sweetgum is suffering serious infection in southern California by STs 24 and 39 (both oak types), but we have no record of sweetgum being infected in its native range in the southeastern United States.
Another unusual geographical difference is the finding of ST23 in several native members of the Asteraceae in Texas, but in two tree species (oak and maple) in Kentucky. Extensive sampling of native Asteraceae in southern California (see Table S2 in the supplemental material) yielded infection in only two species: cocklebur and brittlebush. Both infections were caused by almond types, both of which were unique (ST25 and ST35), but neither of which were similar to ST23. The only other native southern California plant found to be infected was black sage, and this was again an almond-type infection, although in this case the ST (ST07) was not unique. It was also found infecting almond and olive.
DISCUSSION
Our genetic survey of 143 isolates of X. fastidiosa subsp. multiplex included 110 non-IHR isolates (23 STs) , isolates that showed no evidence of intersubspecific introgression, 2 isolates (1 ST) that showed minimal introgression (one recombinant allele across the seven MLST loci plus the pilU locus), and 31 isolates (8 STs) showing evidence of intersubspecific homologous recombination (IHR) at two or more of these loci. Despite the occurrence of IHR, subsp. multiplex forms a clearly defined clade (see Fig. 1 ), strongly supporting the phylogenetic grouping relative to the other X. fastidiosa subspecies found in the smaller previous studies (5, 20, 21, 23, 25) and reinforcing its subspecific status. IHR has previously been documented in subsp. fastidiosa (6) and in subsp. pauca (19) , as well as in subsp. multiplex (3, 5) . Such recombination has the potential to homogenize pairs of subspecies where they coexist; however, there is no evidence that this is occurring. Analysis of two subsp. fastidiosa genomes (22) showed very few (Ͻ10), short (Ͻ10 kb) sites of homologous recombination with subsp. multiplex, despite more than 130 years of potential mixing within the United States (i.e., since the first known occurrence of subsp. fastidiosa within the United States). This same pattern appears to apply to the inflow of subsp. fastidiosa material into subsp. multiplex.
IHR was evident in 25 to 38% (2/8 or 3/8) of loci examined in 22% of the isolates examined, but there was no evidence of IHR in 77% of the isolates. This raises the possibility that this bimodal distribution may be general across the genome with IHR evident in a few isolates and more or less absent in the rest. This possibility was strongly supported by a comparison of the isolates subject to MLST in the present study and to MLSA-E typing by Parker et al. (25) . That typing was based on nine coding loci, picked for their relatively high rate of evolutionary change in the species as a whole, whereas MLST loci are regions of housekeeping genes with average rates of amino-acid substitution. Parker et al. (25) identified two clades (A and B) within subspecies multiplex. More than 60% (13/21) of those isolates were typed in the present study. The seven clade B isolates typed using MLST (see Table S1 in the supplemental material) corresponded to STs 7, 9 (ϫ2), 10, 23 (ϫ2), and 37 ( Table 1 ). All of these STs were classified as non-IHR (Fig. 1) . Similarly, the six clade A isolates typed (corresponding to STs 27, 42 [ϫ2] , and 43 [ϫ3]) were all IHR STs. These results demonstrated that (i) whereas clade B of Parker et al. (25) corresponds to the clade of non-IHR subsp. multiplex, clade A is not a phylogenetic lineage, but instead defines a grouping of IHR genotypes, and (ii) that these two groupings correspond to the pattern previously noted by Scally et al. (5) , which separated the almond, oak, and peach subgroups of subsp. multiplex from a recombinant group (identified as clonal complex 6 [CC6]). The MLST and MLSA-E studies used two sets of loci chosen using very different criteria, so a precise retention of this division in both studies strongly suggests that successful recombination is not occurring randomly across genotypes. Instead, there appear to be two groups of subsp. multiplex isolates, those with very little IHR versus those with a lot. This is consistent with the idea that only very specific recombinant forms survive, perhaps as a result of strong selection by plant hosts.
Plant host effects (such as variation in plant defenses, in xylem structure, or in the composition of the xylem fluid) are probably important in limiting the effect of intersubspecific recombination in disrupting the subspecific structure of subsp. multiplex, despite 130 years of coexistence with subsp. fastidiosa. This may also be the case within the subspecies. It has been demonstrated that X. fastidiosa is naturally competent for transformation (38) , and intrasubspecific recombination has previously been carefully documented in subsp. pauca (18) . The frequency of successful intrasubspecific recombination in subsp. multiplex can be estimated by looking at the phylogeny. The phylogeny indicated that the present allelic distribution of CC1 can be explained by invoking just six intrasubspecific recombination transfers (Fig. 3 ), a conclusion supported by an estimate of 0.02:1 for recombination events relative to mutation. A ratio of 0.02 is low relative to many other bacteria (see, for example, reference 39). It is also more than an order of magnitude lower than a previous estimate across the three United States subspecies of X. fastidiosa (5), a reduction probably due to the exclusion of IHR from the present estimate. This raises the question of why successful recombination is so rare in this species given its potential for high rates of transformation measured in culture (38) . One possibility consistent with the observed plant host specificity is that successful recombination is rare because it generally results in maladapted genotypes and only rarely results in beneficial change.
The phylogeny of subsp. multiplex, once the effects of IHR are excluded (by using only non-IHR isolates) is very "twiggy" (Fig. 2) , with all of the STs of the CC1 clonal complex (i.e., all STs except ST50) coalescing quickly to a most recent common ancestor (MRCA). This period from the MRCA of CC1 to the present equals about the last 25% of the history of the subspecies (corresponding to a rough estimate of 5,000 years). Even the deepest separation (of ST50, the sole representative of CC2) split from the main lineage only a little earlier, at about 8,000 yrs ago. This pattern in CC1 is consistent with a demographic model of a constant small (for bacteria) effective population size of around 2 to 2.5 million (since the coalescent time is expected to be about 4N e generations) or with a strong selective sweep just before the MRCA. For example, one clone may have developed some novel trait that provided a selective advantage across all plant hosts, such as a higher transmission rate via leafhoppers that resulted in a selective sweep of this single genotype.
While either of these two possibilities may be correct, we suggest that the most probable explanation of this pattern is a dramatic population bottleneck around the time of the MRCA driven by climate change. Specifically, we propose that subsp. multiplex was driven to low numbers during the last period of global cooling which ended around 10,000 years ago, perhaps because it survived only in a single refugium. The timing is of the right scale and, even today, X. fastidiosa is considered to be a species characteristic of the more southerly regions of the United States. However, this is speculative, and we are not aware of any additional data supporting the hypothesis.
The most basal ST within subsp. multiplex (ST50; see Fig. 1 ), represented by two isolates from white ash (from Kentucky and Indiana), was characterized by six unique MLST alleles. These alleles were only 1 to 3 bp divergent from other subspecies multiplex alleles and so probably evolved via point mutation. The finding of such a divergent solitary ST suggests that we may be missing significant additional variability related to ST50, perhaps further north than has been traditionally sampled. However, based on the relationship of ST50 to the other STs, it is unlikely that any thusfar-undiscovered variation would alter the overall "twiggy" phylogenetic pattern.
It has long been known that X. fastidiosa has an extremely broad range of plant hosts (5, 6, 17) ; however, there has been growing evidence that there are clear differences between different genotypes. For example, two distinct forms of X. fastidiosa infect almond, only one of which also caused Pierce's disease (PD) in grape (26) . These are now recognized as subspecies fastidiosa (which causes PD) and multiplex. Similarly, the causal agent of oleander leaf scorch (now recognized as subsp. sandyi) was unable to infect a range of other known X. fastidiosa hosts, including grape (40) . These subspecific differences are supported by our analysis of the plant species considered subspecific hosts, based on data from 218 isolates sampled across the United States (Table 2) . For this analysis, a subspecific host was defined as a plant species from which a given subspecies was isolated on at least two occasions, a rule adopted to avoid the inclusion of atypical plant species that may rarely become transiently infected or due to a single rare laboratory error (see reference 3). Given this definition, there was no host overlap among the three subspecies (even in areas where they coexist) except for the previously established case of almond, as noted above. A similar pattern was observed by Hernandez-Martinez et al. (23) in their survey of ornamentals in Southern California. Presumably, these subspecific host differences developed during their long evolution in geographical isolation (22) .
Plant host specialization has been observed within X. fastidiosa subsp. pauca (citrus versus coffee [18] ), and our results show it to be very prevalent within X. fastidiosa subsp. multiplex. The almond, oak, and peach types, although not forming robust clades, did form phylogenetic groupings with distinct plant host differences (Table 2 ). There were 16 plant hosts with at least two isolates from one of the three types. Among these 16 hosts, and using the two-isolate criterion, there was no host overlap except in one case (purple leaf plum in California). The lack of phylogenetic support for the oak and peach types was due in part to recombination that was almost entirely limited to transfers between the two types (see Fig. 3 ) but also because of the short period of evolutionary time that separates them. In contrast, Parker et al. (25) found that almost all of their nodes were highly significant; however, it remains to be seen whether this differentiation would persist if more samples were typed using that MLSA-E protocol.
The pattern of plant host specialization follows no obvious rules. This is especially apparent when we examine the plant genus Prunus. Within this genus, cherry is a host of subsp. fastidiosa, almond is also a host of this subspecies as well as a host of the almond type of subspecies multiplex, while peach, plum, and apricot are hosts of the peach type, and purple leaf plum is a host primarily of the peach type but can also support oak and almond types ( Table 2) .
In contrast, only the oak type has been sampled from Quercus species. If we include singletons, the oak type has been isolated from eight different species of oak in the combined samples from Florida, Kentucky, Georgia, and Tennessee, although it has yet to be isolated from oaks in the other two extensively sampled states of California and Texas. However, notwithstanding this genuslevel pattern, the oak type has also been isolated more than once from American sycamore, redbud, American elm, and sweetgum, all of which are in different plant orders. It has also been isolated from pecan, which is in the same order as oak but a different family. In our sample, we examined only a single pecan isolate; however, there has been independent isolation of subsp. multiplex from pecan by Melanson et al. (24) . The almond type shows the same lack of phylogenetic pattern: the four hosts listed in Table 2 , almond, olive, and two common native Southern California shrubs, brittlebush and black sage, are all from different plant families from three different orders. Only the peach type appears constrained to closely related hosts.
Although groups of closely related STs sometimes infected an eclectic range of hosts, individual STs were typically very specialized. Thus, among the 17 STs isolated more than once, 7 were found on a single host type (treating oaks as a single type accounts for 2 of these 7) ( Table 2 ). However, ST23 violated this pattern, being found on 8 hosts in 10 occurrences, including a range of Asteraceae in Texas and from oak and maple in Kentucky. Even so, the degree of specialization observed, based on just seven loci, was very strong, suggesting that it is probable that if STs such as ST23 are sampled across more loci, specialized genotypes nested within the same ST may become apparent.
X. fastidiosa subsp. multiplex provides broad evidence of strong host plant specialization, both in broad phylogenetic groupings and in individual STs; however, the genetics of this bacterial pathogen does not typically track the phylogenetic relationships among the plant hosts. For example, there were four STs (i.e., STs 7, 24, 39, and 46) that were isolated from different sets of three plant species, and in each case the three species were in different families and either two (2 STs) or three (2 STs) different orders. This result strongly suggests that whatever factors determine the ability of X. fastidiosa to infect a plant host, they are phylogenetically plastic so that unrelated species are often as likely as related species to share similarities.
Typically, X. fastidiosa is sampled from agricultural or ornamental plants, or near to agricultural areas known to be infected, so that we have little information about native hosts in relatively natural conditions. Our finding of infections in black sage and brittlebush in the natural sage scrub community of southern California (and no sign of the other two subspecies, despite extensive sampling), its occurrence on a broad range of asters in Texas, and in native trees across the United States further supports the likelihood that X. fastidiosa subspecies multiplex is native. It is perhaps notable that the only economically important introduced species that are consistently vulnerable to this subspecies are in the genus Prunus (almond, plum, peach, and apricot). Pecan is also an economically important host but is native, and many native landscape trees are being severely affected. For example, in the Riverside and Redlands areas of southern California many urban plantings of sweetgum are dying. It is possible that these native plants are becoming more vulnerable to Xylella infection as they become stressed in the atypical urban environment, since we have no indication that sweetgum is affected in its native range; however, the possible role of stress does suggest that Xylella infection may increasingly spread to the natural environment as climatic conditions shift.
